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Introduction 


Different  traumatic  brain  injuries  are  associated  with  visual  dysfunction  (Chua,  Ng,  Yap  &  Bok, 
2007).  Tissue  damage  following  stroke,  car  accident,  etc.  may  result  in  visual  scotomas  or 
other  severe  visual  deficits.  Accumulating  evidence  suggests  that  the  adult  visual  cortex 
retains  significant  potential  for  experience-dependent  plasticity  (Fahle,  2002).  A  primary 
mechanism  proposed  to  regulate  adult  plasticity  is  the  ratio  between  inhibition  and  excitation 
in  the  cortex.  Plasticity  is  based  on  neuronal  excitations  and  is  affected  by  pharmacological 
changes  in  the  balance  between  neuronal  excitation  or  inhibition  (He,  Hodos  &  Quinlan,  2006, 
Maya  Vetencourt,  Sale,  Viegi,  Baroncelli,  De  Pasquale,  O'Leary,  Castren  &  Maffei,  2008,  Rozas, 
Frank,  Heynen,  Morales,  Bear  &  Kirkwood,  2001). 

A  method  developed  in  our  laboratory  is  a  psychophysical  (behavioral)  non-invasive  paradigm 
that  triggers  plasticity  by  changing  the  balance  towards  excitations.  Neuronal  interactions  in 
the  visual  processing  were  robustly  affected  by  changes  in  the  balance  between  excitations 
and  inhibitions.  We  applied  our  paradigm  to  treat  abnormal  neuronal  interactions  in 
amblyopic  adults  (Polat,  2008,  Polat,  Ma-Naim,  Belkin  &  Sagi,  2004).  We  were  the  first  to  show 
plasticity  in  adults  with  a  visual  deficit  that  was  considered  untreatable,  see  below.  Using  a 
similar  paradigm,  we  also  achieved  a  significant  improvement  in  individuals  with  presbyopia, 
see  below  (Polat,  2009,  Polat,  Schor,  Tong,  Zomet,  Lev,  Yehezkel,  Sterkin  &  Levi,  2012).  Thus, 
our  treatment  induces  visual  enhancement  of  blurred  or  low-contrast  images,  an  effect  that 
is  highly  applicative  for  patients  with  visual  dysfunction  associated  with  TBI.  Moreover,  our 
recent  study  with  similar  paradigm  resulted  in  improved  visual  functions  in  young  subjects 
with  normal  vision  in  only  10  training  sessions  (Sterkin,  Yehezkel  &  Polat,  2012).  We  have  a 
highly  efficient  and  practical  treatment  technique  to  improve  vision.  Thus,  we  can  apply  this 
proved  effective  training  techniques  to  evoke  plasticity  in  the  damaged  visual  cortex  of 
patients  with  TBI.  The  training  paradigm  is  intended  to  reduce  the  extent  of  the  damaged 
visual  fields  (i.e.,  "restitution  training"). 


Body 


During  the  last  year,  there  has  been  additional  improvement  following  training  in  the  TBI 
patients,  as  shown  in  the  examples  below.  There  is  also  progress  in  TBI  patient  recruitment, 
and  a  waiting  list  of  patients  is  formed,  according  to  their  schedule  of  other  medical 
procedures,  such  as  strabismus  surgery,  etc.  and  the  needed  period  of  1  year  after  the 
traumatic  event  before  they  can  begin  their  participation  in  the  study.  We  are  also  in  process 
of  recruiting  TBI  patients  from  2  additional  medical  rehabilitation  facilities  (the  Tel  Aviv 
Sourasky  Medical  Center  Rehabilitation  Department  and  the  Beit  Levenstein  Raanana  Hospital 
Rehabilitation  Center)  and  from  a  separate  rehabilitation  facility  within  the  Sheba  medical 
center. 

Patient's  recruitment  typically  needs  solutions  of  non-training  issues.  For  example,  in  the 
initial  phase  of  recruiting  a  new  patient,  we  find  that  there  is  a  need  for  a  better  optical 
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correction  prior  to  training  initiation.  Since  the  cost  of  the  new  glasses  is  rather  high,  we  have 
covered  the  cost  of  the  glasses  for  the  patient  who  needed  a  new  optical  correction.  We  also 
needed  to  wait  a  couple  of  weeks  until  he  received  and  accustomed  with  the  glasses.  In  other 
cases  we  encourage  the  patients  to  train  at  their  home  and  we  are  helping  them  in  instructions 
and  training  on  computers.  Sometimes  we  are  also  provide  incentive  (payment)  if  they  meet 
a  goal  of  minimal  training  sessions  per  month.  In  some  cases,  we  cover  the  transportation 
expenses  (taxi  charges). 

Control  subjects:  We  have  completed  the  training  protocol  in  one  group  of  21  control  subjects 
and  are  in  the  midst  of  training  and  post-testing  of  the  second  group  of  21  control  subjects 
that  have  been  trained  on  a  modified  protocol.  In  total,  there  are  42  control  subjects  in  the  2 
training  groups.  Additional  control  subjects  have  been  recruited  and  will  be  re-tested  without 
training  as  a  no-training  control  group.  There  was  a  remarkable  improvement  in  the  objective 
measurements  of  the  visual  functions,  including  subjective  improvement  reported  by  the 
subjects.  Importantly,  there  were  no  changes  in  the  gaze  position  induced  by  training, 
indicating  that  the  improvements  in  the  visual  functions  induced  by  training  cannot  be 
accounted  for  by  gaze  stabilization  mechanism,  thus  we  can  conclude  that  the  changes 
occurred  in  the  brain. 

TBI  patients:  So  far,  we  have  recruited  10  TBI  patients.  We  anticipated  that  the  pre-treatment 
phase  of  the  TBI  patients  will  require  personal  adjustments  for  each  patient.  Indeed,  due  to 
different  type  of  the  injury  of  each  patient,  that  involve  cognitive  and  motor  limitations,  we 
were  required  to  personalize  the  psychophysical  testing  to  the  abilities  of  each  patient.  For 
example,  such  adjustments  were  done  in  the  presentation  time  of  the  stimuli,  adding  sounds 
to  mark  the  presentation  time  and  colored  symbols  to  ease  with  the  detection  of  the  temporal 
interval.  All  these  adjustments  require  continued  programing  modifications  and  retesting. 
Moreover,  due  to  physical  and  transportation  limitations,  the  amount  of  collected  data  in  each 
session  is  limited  compared  to  control  data.  As  a  result,  the  period  of  the  pre-treatment 
sessions  is  much  longer  than  initially  anticipated.  On  the  other  hand,  this  period  is  also 
necessary  and  can  be  considered  as  instruction  period  that  is  needed  for  the  patients  to 
comprehend  the  training  procedures. 

Obviously,  the  adjustment  of  the  pretesting  is  posing  the  requirement  to  re-test  control 
subjects  on  the  modified  parameters  that  the  TBI  patients  were  tested  in  order  to  have 
normative  data. 

We  are  now  performing  part  of  the  training  at  the  TBI's  homes,  ini  addition  to  their  weekly 
regular  visits  to  the  lab.  This  adjustment  was  suggested  by  the  Review  Expert  Panel  and  is 
aimed  to  reduce  the  burden  from  the  patients  to  arrive  few  times  a  week  to  the  lab.  To  do  so, 
we  are  helping  them  in  purchasing  computers,  instructions  on  internet  connection  and  other 
technical  issues  that  needed  to  be  resolved  for  remote  training.  We  have  installed  the  training 
program  and  are  now  receiving/sending  the  training  sessions  via  the  internet.  One  patient 
preferred  to  be  trained  on  his  i-Phone.  We  installed  the  Glassesoff  Inc.  application  and  are 
training  him  using  a  training  program  tailored  to  his  abilities.  In  general,  establishing  efficient 
training  protocol  for  TBI  patients  is  very  challenging  and  requiring  creative  solutions  tailored 
to  each  patient.  We  anticipate  that  this  solution  will  accelerate  the  pace  of  training.  Moreover, 
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we  anticipate  that  the  acquired  experience  with  the  patients  that  are  already  training  will 
accelerate  the  procedures  with  the  further  recruited  patients. 

Task  1.  To  apply  behavioral  training  to  healthy  control  individuals  using  our  paradigm  that  is 
adapted  for  peripheral  vision.  This  experiment  will  provide  us  with  exact  indications  on 
potential  effectiveness  of  the  treatment  and  the  amount  of  expected  improvement  in  the 
target  populations  (months  1-12): 


la.  Modification  of  the  software  for  periphery  (  months  1-2). 

Was  accomplished  as  reported  earlier. 


lb.  Adapting  the  eye-tracking  system  for  the  new  setup  (months  3-4). 

Was  accomplished  as  reported  earlier. 


lc.  Creating  of  Matlab  interface  for  interpretation  of  the  eye-tracking  results  (months  3-4). 

Was  accomplished  as  reported  earlier. 


Id.  Healthy  participants  recruitment  and  screening  (months  3-9). 

We  have  completed  recruiting  all  control  subjects. 


le.  Baseline  testing  of  the  healthy  participants  (3-9) 

Was  accomplished  as  reported  earlier  (see  section  If  below). 


If.  Training  of  the  healthy  participants  (months  3-12). 


Twenty  one  control  subjects  finished  the  training.  Based  on  their  results,  another  group  of  21 
subjects  was  recruited  and  are  now  in  the  midst  of  training  and  post-testing  on  a  modified 
protocol.  Here  we  present  the  results  of  the  participants  that  have  already  completed  the 
post-test  measurements.  All  measurements  of  the  visual  functions  are  shown  before  (pretest) 
and  after  (posttest)  completing  20-30  training  sessions  (each  session  on  a  different  day).  All 
subjects  in  this  group  were  trained  in  their  homes. 
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The  results  were  presented  in  the  3rd  International  Workshop  on  Perceptual  Learning  in 
December  2012  and  a  full  manuscript  is  under  preparation  for  publication  based  on  the  data 
of  all  controls  subjects. 

Here  we  present  the  results  of  the  healthy  control  participants  of  the  2nd  control  group,  in 
addition  to  the  previously  reported  results  of  the  1st control  group: 

Lateral  interactions  in  Transient  Contrast  Sensitivity: 


In  the  first  control  group  we  have  trained  lateral  interactions  only  in  the  vertical  direction, 
however  in  the  modified  protocol  reported  here  both  the  vertical  and  horizontal  directions 
were  trained,  in  order  to  make  the  protocol  more  applicable  to  scotoma  reduction-orientated 
training  protocol  of  TBI  patients.  Here  we  present  the  results  of  7  of  the  21  subjects  in  this 
group  that  have  already  completed  the  post-test. 


Figure  1  Lateral  interactions.  Contrast  sensitivity  facilitation  measured  with  transient  Gabor  stimuli  (D-prime)  in 
healthy  participants  of  the  2nd  control  group.  Error  bars,  SEM.  Higher  values  indicate  improvement. 


After  training,  there  was  a  significant  improvement  in  contrast  sensitivity  facilitation 
measured  with  transient  Gabor  stimuli  with  3  different  spatial  separation  between  the  low- 
contrast  Gabor  target  and  the  flanking  high-contrast  collinear  Gabors  (Fig.  1,  N=7,  in  periphery 
with  the  eccentricity  of  4  degrees).  The  d-prime  is  a  sensitivity  measure  calculated  from  the 
probabilities  of  Hit  and  False-alarm  responses.  The  improvement  was  evident  both  for  closer 
and  for  further  spatial  separations  (P=<0.04).  A  similar  pattern  of  results  was  observed  for 
vertical  (left  panel)  and  horizontal  (right  panel)  directions. 


lg.  Post-treatment  testing  of  the  healthy  participants  (6-12) 

See  section  If  above. 

lh.  Data  analysis  and  summary  of  the  first  year  of  the  project  (months  9-12). 

Was  reported  earlier. 
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Task  2.  To  apply  behavioral  training  to  patients  with  traumatic  brain  injury-associated  visual 
dysfunction  (months  3-36): 


2a.  Recruitment  of  patients  for  the  "No  treatment  control  group"  (months  3-18). 

So  far,  all  but  one  of  the  recruited  patients  will  participate  in  the  "Treatment  group".  We  will 
recruit  patients  for  the  "No  treatment  control  group"  during  the  coming  year  once  we  have 
the  treatment  group.  The  ones  that  can't  participate  in  the  training  but  pass  the  inclusion 
criteria  will  participate  in  the  no-treatment  group. 


2b.  Recruitment  of  patients  for  the  "Treatment  group"  (months  3-30). 


We  have  recruited  10  TBI  patients  so  far.  The  results  of  representative  TBI  patients  are 
presented  in  section  2d  below.  Other  TBI  patients  are  identified  and  are  in  the  process  of 
recruitment. 


2c.  Baseline  testing  of  all  the  patients  (months  3-30). 

See  section  2d  below. 


2d.  Training  of  the  patients  of  the  "Treatment  group"  (months  12-30). 

Here  we  present  the  results  of  representative  TBI  patients,  in  addition  to  the  previously 
reported  results  as  was  presented  in  the  three  quarterly  reports: 


Subject  AO: 


Figure  2  Visual  acuity.  Improvement  on  a)  computerized  visual  acuity  test  and  b)  standard  visual  acuity  chart 
(ETDRS)  during  on-going  training  (between  April  2012  and  September  201S)  for  a  representative  TBI  patient  AO. 
Lower  values  indicate  improvement. 
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Figure  2  shows  visual  acuity  measurements  using  the  computerized  visual  acuity  test  and  the 
ETDRS  chart  for  the  representative  subject  AO.  Visual  acuity  in  the  normal  controls  before 
training  is  zero  (20/20).  There  is  a  pronounced  improvement  in  the  visual  acuity,  of  more  than 
3  ETDRS  lines  (above  100%  improvement),  towards  the  levels  of  the  normal  control  group. 
The  training  phase  continues. 

This  patient  continues  his  training  protocol  and  will  be  retested  again. 


Subject  OS: 


Figure  3  Eye  movement  trajectory.  Eye  position  trajectory  in  the  horizontal  direction  of  a)  pretest  and  b)  posttest 
for  a  representative  TBI  patient  OS.  The  green  bars  represent  the  stimulus  presentation  time,  with  the  onset  at  0. 
Each  blue  line  represents  the  slow  phase  of  eye  movements,  whereas  the  superimposed  red  and  green  sections 
are  the  fast  saccadic  movements  in  the  left  and  right  direction,  respectively.  2-D  trajectory  of  the  same  c)  pre-  and 
d)  posttest  measurements. 

As  can  be  clearly  seen  from  Figure  3a  and  b,  on  average,  in  the  posttest,  the  saccade  onset 
time  relative  to  the  stimulus  onset  appears  earlier.  A  different  analysis  showed  that  this  trend 
is  not  due  to  any  within  session  effect  but  rather  a  clear  difference  between  the  pre-  and 
posttest  measurements.  Moreover,  Figure  3c  and  d  show  that  the  spread  of  eye  position  is 
larger  in  the  pretest  in  the  vertical  direction  compared  to  posttest. 


This  patient  continues  his  training  protocol  and  will  be  retested  again. 
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Subject  IM: 


IM  Static  fovea  I  Contrast  Sensitivity  fovea 
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Figure  4  Contrast  Sensitivity  in  the  fovea.  Improvement  in  contrast  sensitivity  measured  using  static  foveal  Gabor 
targets  for  a  representative  TBI  patient  IM.  The  date  of  the  measurements  is  denoted  as  "Year_Month".  Higher 
values  indicate  improvement. 

Figure  4  shows  contrast  sensitivity  measurements  for  static  targets  for  the  representative 
subject  at  pretest  and  now.  There  is  already  a  pronounced  improvement  for  the  3  spatial 
frequencies  (6,  9  and  12  cpd),  towards  the  levels  of  the  normal  control  group. 


Figure  5  Visual  acuity  and  reading,  a)  Improvement  in  visual  acuity  of  letters  measured  in  isolation  and  when 
surrounded  by  other  letters  for  a  representative  TBI  patient  IM.  Lower  values  indicate  improvement,  b) 
Improvement  in  single  word  covert  reading  for  a  representative  TBI  patient  IM.  The  date  of  the  measurements  is 
denoted  as  "Year_Month".  Higher  values  indicate  improvement. 

Figure  5  shows  a  profound  objective  improvement  in  both  the  visual  acuity  measurements 
and  the  reading  abilities  of  a  representative  TBI  patient  IM  following  training.  These  findings 
are  accompanied  by  a  profound  subjectively  reported  improvement  (both  by  the  patient  and 
the  family). 

This  patient  continues  his  training  protocol  and  will  be  retested  again. 


Subject  ZK: 

Since  the  training  methodology  is  based  on  lateral  interactions  between  neurons,  we  tested 
the  effects  that  flanking  Gabors  induced  on  the  target  Gabors  for  the  spatial  separation  that 
induces  a  positive  effect  in  normal  controls  ("facilitation",  as  published  in  Polat  and  Sagi, 
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1993).  The  positive  effect  of  lateral  interactions  reduces  the  detection  threshold  of  the  target 
Gabor,  whereas  a  negative  effect,  also  termed  "lateral  masking",  induces  threshold  elevation 
for  the  target  detection. 


3  ZK  Percent  Correct  Interactions  in  periphery  D  ZK  d-prime  Interactions  in  periphery 

1  4 


2013_5  2013_10  2013_5  2013_10 


Figure  6  Improvement  in  contrast  sensitivity  due  to  lateral  interactions  measured  using  transient  peripheral 
Gabor  targets.  Contrast  sensitivity  shown  as  a)  percent  of  correct  responses  and  b)  sensitivity  (d-prime)  for  a 
representative  TBI  patient  ZK.  The  blue  bars  represent  targets  within  the  damaged  visual  field,  whereas  the  red 
bars  represent  targets  presented  within  the  intact  areas  of  the  visual  field.  The  date  of  the  measurements  is 
denoted  as  "Year_Month".  Higher  values  indicate  improvement. 


As  shown  in  Figure  6,  there  is  already  a  pronounced  improvement  in  lateral  interactions  in  the 
damaged  visual  field,  towards  the  pattern  that  is  found  in  the  intact  areas  of  the  visual  field. 

This  patient  also  showed  a  trend  of  the  Visual  Field  improvement  (i.e.  a  decrease  in  the 

scotoma  area),  as  measured  using  a  standard  clinical  Visual  Field  procedure  of  the 

Neuroophthalmologic  unit  of  the  Ophthalmology  department  in  the  Sheba  Medical  Center. 


This  patient  continues  his  training  protocol  and  will  be  retested  again. 
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Key  Research  Accomplishments 


Accomplishment  in  the  1st  and  2nd  control  group  experiments. 

Achievement  of  a  real  outcome  of  improvement  of  visual  functions  that  has  an  impact 
on  the  everyday  functions. 

Validation  of  the  training  protocol  suitability  for  patients. 

Recruitment  of  patients. 

Solving  technological  problems  to  enable  training  of  patients  at  their  homes 

Training  of  patients  at  their  homes  with  measurable  improvements. 

Intensive  screening  the  medical  files  to  identify  more  potential  TBI  patients. 

Engagement  of  2  additional  rehabilitation  medical  centers  for  potential  TBI  patients' 
recruitment  acceleration. 


Reportable  Outcomes 


Data  presentation  in  the  3rd  International  Workshop  on  Perceptual  Learning  in 
December  2012. 

Preparation  of  a  manuscript  for  publication  based  on  the  data  of  all  controls  subjects. 


An  abstract  for  presentation  in  the  10th  World  Congress  on  Brain  Injury  held  by  the 
International  Brain  Injury  Association  in  March  2014. 


Conclusion 


Despite  numerous  technical  difficulties,  we  have  completed  the  initial  pretests,  the  training 
and  the  posttests  in  the  1st  control  group  and  almost  finished  the  post-testing  measurements 
of  the  2nd  control  group.  There  was  a  remarkable  improvement  in  the  objective  measurements 
of  the  visual  functions,  including  subjective  improvement  reported  by  the  subjects.  After 
analyzing  the  posttest  results,  we  have  refined  the  protocol  for  training  the  TBI  patients.  Ten 
TBI  patients  were  recruited  to  participate  in  the  study.  The  patients  that  are  training  feel 
subjective  improvement  in  the  everyday  life,  supported  by  the  reports  of  their  family 
members.  More  participants  were  approached  and  are  entering  the  study  in  the  coming 
quarter,  depending  on  their  rehabilitation  schedule  and  the  limitation  determined  by  the 
minimal  elapsed  period  of  one  year  after  the  TBI  as  required  by  the  study  protocol.  Finally,  we 
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anticipate  that  engaging  2  additional  rehabilitation  medical  centers  will  accelerate  the 
potential  TBI  patients'  recruitment. 
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ABSTRACT  SUBMISSION 

Title:  Perceptual  learning  improves  visual  functions  in  TBI  patients 
Abstract  No.  0694 

Title  Perceptual  learning  improves  visual  functions  in  TBI  patients 
Abstract 

Different  traumatic  brain  injuries  are  associated  with  visual  dysfunction.  Accumulating 
evidence  suggests  that  the  adult  visual  cortex  retains  significant  potential  for  experience 
dependent  plasticity.  A  primary  mechanism  proposed  to  regulate  adult  plasticity  is  the  ratio 
between  inhibition  and  excitation  in  the  cortex.  We  developed  a  psychophysical  (behavioral) 
non-invasive  paradigm  that  triggers  plasticity  by  changing  the  balance  towards  excitations. 
Neuronal  interactions  in  visual  processing  were  robustly  affected  by  changes  in  the  balance 
between  excitations  and  inhibitions.  We  applied  our  paradigm,  which  induces  visual 
improvement  in  amblyopia  [lazy  eye;  Polat,  Ma-Naim,  Belkin  and  Sagi,  D.  (2004)  Improving 
vision  in  adult  amblyopia  by  perceptual  learning.  Proc  Natl  Acad  Sci  USA,  101(17):  6692- 
6697)  and  presbyopia  [aging  eye;  Polat,  Schor,  Tong,  Zomet,  Lev,  Yehezkel,  Sterkin  and 
Levi,  (2012).  Training  the  brain  to  overcome  the  effect  of  aging  on  the  human  eye.  Scientific 
Reports,  2  (278)]  an  effect  that  is  highly  applicable  for  patients  with  visual  dysfunction 
associated  with  TBI.  Here  we  report  on  results  obtained  from  TBI  patients  that  were  trained 
on  contrast  detection  of  Gabor  targets  under  spatial  and  temporal  masking  conditions, 
targeting  the  improvement  of  collinear  facilitation  and  temporal  processing.  They  were 
trained  on  the  fovea  and  periphery.  The  patients  were  trained  on  a  PC  computer  from  a 
distance  of  1.5  meters,  once  or  twice  a  week.  Training  improved  lateral  interactions 
(increased  facilitation  and  diminished  the  lateral  suppression  when  it  existed)  and  improved 
visual  functions  such  as  contrast  sensitivity,  visual  acuity,  crowding,  reaction  time,  vernier 
acuity,  and  reading.  There  was  also  improvement  in  the  pattern  of  eye  movements  and 
fixation.  Although  the  previously  reliable  visual  field  was  not  measurable,  after  training,  the 
pattern  of  fixation  enabled  measurement  of  a  reliable  visual  field.  Thus,  the  visual 
improvements  are  not  due  to  development  of  eye  movement  or  a  fixation  strategy  to 
overcome  the  visual  deficiencies,  rather  they  are  due  to  real  improvement  of  the  neural 
network  involved  in  visual  processing  in  the  brain. 
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